We studied the defensive strike of one species of each of five recognized lineages within the genus Bothrops, namely, B. alternatus, B. jararaca, B. jararacussu, B. moojeni and B. pauloensis. The defensive strike of the studied species was in general similar to that of Crotalus viridis and C. atrox, but some important differences were observed. Bothrops alternatus and B. pauloensis struck preferentially from a tight body posture, whereas B. jararaca and B. moojeni from a loose body posture. Defensive strikes were either true or false (during the latter, the mouth remains closed or partially open). Almost all strikes were successful; only on a few occasions snakes missed their target (flawed strikes). Strike variables were very conservative among the five species, especially strike distance and height, and one possible explanation may be related to constraints imposed on strike variables as a way of increasing strike accuracy.
Introduction
Most knowledge of the strike of viperids is based on and limited to North-American rattlesnakes (e.g. Van Ripper, 955; Kardong, 986; LaDuc, 2002) . Kardong (986) compared the predatory and defensive strikes of Crotalus viridis oreganus and observed some differences between them. In the defensive strike, the snake's jaws make contact with the aggressor in a wide angle (about 80°) and the arching of the neck typical of the predatory strike was not observed. Moreover, predatory strikes were flawed sometimes, which was not observed in the defensive strike (Kardong, 986) . In another species, C. atrox, defensive strikes were reported to be faster than predatory strikes (LaDuc, 2002 ).
In the case of the genus Bothrops, the only reports on strike behavior are restricted to a single species, B. jararaca (Sazima 988, 992) . According to Sazima (992, p. 20) , "the defensive strike of B. jararaca seems similar to that reported by Kardong (986) for Crotalus viridis", although the author does not provide any details on those similarities. In spite of similarities, defensive strikes launched during head-hiding, commonly observed in C. viridis (Kardong, 986) , were rarely observed in B. jararaca (Sazima, 992) . In comparing the defensive strike of B. jararaca to those of other congeneric species, Sazima (988) suggested that the strike of B. jararaca is slower than that of B. moojeni and B. neuwiedi urutu, but his suggestion remains untested until the time of writing.
Phylogenetic relationships within the Brazilian species of the genus Bothrops revealed the existence of six distinct lineages, namely, the alternatus, atrox, jararaca, jararacussu, neuwiedi and taeniatus species groups (Salomão, et al. 997, Vidal et al., 997, Wüster et al., 2002) . As part of a study on the evolution of defensive behavior in each of five lineages within the genus Bothrops, we compared features of the defensive strike between one species of each lineage, namely, B. alternatus (alternatus group); B. jararaca (jararaca group); B. jararacussu (jararacussu group); B. moojeni (atrox group); and finally B. pauloensis (neuwiedi group).
Material and Methods
Test subjects were species of Bothrops from several localities of southeastern (45° 2'-50° ' W; 9° 8 '-24° 4'S; B. alternatus, B. jararaca, B. jararacussu, B. pauloensis, and B. moojeni) and central Brazil (47° 56'-53° 3' W; 6° 56'-8° 9' S; B. moojeni) brought to the Instituto Butantan from April 998 through February 999. Ten individuals of each species were tested as they arrived at the Instituto Butantan (Table ) . The time between the arrival of the snakes at the Instituto Butantan and the tests varied from zero (tests on the same day of arrival) to 6 days for all individuals tested, except for an individual of B. jararacussu that was kept for 33 days at the Instituto Butantan before tests were performed.
Each individual snake was tested only once. Snakes were held at the Instituto Butantan in wooden or plastic boxes until the actual tests. They were taken in wooden boxes to a temperature-controlled laboratory (25 °C ± 2) where the trials were conducted. The snakes were taken to the laboratory during daytime and each trial was carried out on the same day from 800 hours to 0000 hours.
The trials were carried out in an arena set on the ground of the laboratory (Figure ) . The laboratory wall formed one of the sides of the arena; the other three sides were made of wood and glass (Figure ) . One of the sides adjacent to the wall was opaque and the other two sides were transparent. During trials, we stayed behind the opaque side of the arena to minimize possible disturbance. Two Panasonic NVRJ PR VHS cameras were used, one over the arena set on a tripod and facing the ground, and the other on the ground, lateral to the arena and facing the wall. The ground was covered with a black plastic sheet; both the plastic sheet and the wall had gridlines of and 2 cm, respectively, for distance estimates. The light sources were two 60-Watt bulbs set on the main axis of the arena, one at each side. During the tests, we stayed behind the opaque side, which we believe further reduced the possibility of our being seen by the snake.
Defensive behavior was elicited with the use of a stimulation-object, a plastic bottle (height about 5 cm; diameter about 0 cm; volume 0.5l) covered with a 0.5 cm-thick sheet of soft black rubber to which a .5-meter plastic pipe was attached at a 45° angle (Figure 2e , f). The purpose of the rubber was to minimize injuries on the snakes' fangs during strikes. The bottle was filled with warm water (60 °C) shortly before the tests to raise the temperature of the external surface of the rubber to about 37 °C (verified by a Miller and Weber Inc. quick-reading thermometer with accuracy of 0. °C), in an attempt to simulate the body temperature of a mammal, a putative predator of lanceheads (Sazima, 992) .
Before each test, the internal surfaces of the arena as well as the stimulation-object were cleaned with ethanol. The snake was then put in the center of the arena and a transparent acrylic box (30 cm each side and height of 5 cm) with the open side facing down, was put over the snake with the use of a hook. The acrylic box was also cleaned with ethanol before the tests. The arena lights were on prior to introducing snakes into the arena. Snakes were left undisturbed for 0 minutes before the beginning of the tests.
Cameras were turned on by remote control and recorded at 30 frames/s. Trials began when the acrylic cover was removed with a hook and the stimulationobject was introduced into the arena, about 0.7 m far from the snake, and moved in the air (c. cm above Defensive strike in Bothrops spp.
ground) towards the snake, at approximately 20 cm/s, always by the same person. The stimulation-object was moved in the main axis of the arena and approached the snake frontally, touched the snake's midbody and was withdrawn repeatedly 30 times uninterruptedly for each snake. During trials, we never moved from behind the light bulb. Trials were later analyzed frame-by-frame with a Panasonic NVSD475 PR VHS player.
The following variables of strikes were analyzed: ) distance, estimated as the distance between the snake's snout at the beginning of the strike and when it made contact with the stimulation-object; 2) height, estimated as the height of the snake's snout in relation to the ground when it made contact with the stimulation-object; 3) angle between the ground and a line crossing the position of the snake's snout at the beginning of the strike and when it made contact with the stimulation-object; 4) duration, estimated as the number of frames from the beginning of the strike until contact with the stimulationobject multiplied by /30 s (which corresponds to one frame); and 5) speed, estimated as the strike distance divided by its duration.
On certain occasions, the snake allowed the stimulation-object to touch its body before launching a strike; at this moment the snake opened its mouth and the jaws were brought to bear on the stimulation-object with no projection of the head. Although these attacks by the snake may be considered strikes, we did not include them in the analyses since they did not involve the typical projection of the head observed in the other strikes. Strikes in which jaws were wide open and contact was made with the stimulation-object were recorded as "true strikes", whereas those in which the mouth remained closed or only partially open during strike were recorded as "false strikes" (cf. Greene, 988; Sazima, 992) . On a few occasions, the snake completely missed the target, which was recorded as a "flawed strike" (cf. Kardong, 986) . At the moment of the strike, the snake's body was either in a tight posture, that is, with more acute body angles (Figure 2a (Figure 2a, b) actually represent extremes of a continuum in which snakes could change from one posture to the other during trials. Therefore, the classification of body posture at the moment of the strike in either tight or loose was totally arbitrary. Sometimes strikes were delivered from head-elevated postures (Figure 2c ) and on other occasions from head-hiding postures (Figure 2d ). The frequencies of occurrence of strike types, as well as body postures and concomitant behaviors during strike delivery were compared among species with a G test (Zar, 999) .
For comparisons among species, the distances and heights of the strikes were divided by the snout-vent length (SVL) of each individual, because the species studied differ greatly in size (Table ) . When an individual struck more than once during the trial, a mean value of all its strikes was calculated for each variable.
These mean values were used in the comparisons among species, so that the independent units of the data were no longer the strikes but the mean values assigned to each individual. The variables were compared among species by Kruskal-Wallis ANOVA (Zar, 999) . Statistical analyses were performed with BIOESTAT 3.0 (G test; Ayres and Ayres, 2003) 
Results
The typical defensive strike recorded for the five species was a rapid movement of the snake's head towards the stimulation-object, as the lateral curves of its anterior body straightened, with its jaws wide-open and the posterior part of the body remaining stationary. During this phase, rapid acceleration towards the stimulation-object was observed. On contact with the stimulation-object, the jaws formed an angle of about 80° and no arching of the neck was observed (Figure 2e ). We were not able to register the penetration of the snake's fangs into the rubber of the stimulation-object (bite) through the analysis of the films. However, it certainly occurred, because the rubber always presented marks of perforation from which venom drained following the tests.
Sometimes the snake launched what is here called a lateral strike, in which its head rotated around the long axis of the anterior trunk 90° during the strike and the stimulation-object was hit at a lateral position (Figure 2f) , instead of being hit frontally, as occurred in the typical strike. This lateral strike was a marked difference between the strike behavior of B. pauloensis and that of the other species (G test, df = 4, G = 83.63, P < 0.00; Table 2 ). Species differed in the frequencies of false strikes (G test, df = 4, G = 27.0, P < 0.00; Table 2), and flawed strikes (G test, df = 4, G = 2.42, P = 0.0; Table 2), as well as tight/loose body postures during strikes (G test, df = 4, G = 20.82, P < 0.00; Table 3 ). Bothrops moojeni launched most of its strikes from head-elevated postures (G test, df = 4, G = 82.8, P < 0.00; Table 3) , and all five species rarely struck while hiding the head (Table 3) .
Strikes were on average short and low when considering either the raw values of distance and height or their values in relation to the snakes' SVL (Table 4) . There were no significant differences among species in any of the variables, except in strike angle (H = 3.865; P = 0.008; N = 4; Table 4 ).
Discussion
The defensive strikes observed in our study had the same overall "stabbing" appearance of those described for C. viridis (Kardong, 986) and C. atrox (LaDuc, 2002) , as opposed to the "biting" appearance of the predatory strike. We agree with LaDuc (2002) that this may result from the large or awkwardly sized targets used in studies of defensive strikes (Kardong, 986; LaDuc, 2002; this study) . This fact may also be responsible for the lack of dorsal neck arching in the five species studied herein. Kardong (986) suggested that the unarching of the neck in defensive strikes could lead to "dry" bites, with little or no envenomation. This seems not to be true for the five species of Bothrops studied, since no arching of the neck was observed, but still we could always detect the presence of venom draining from the surface of the stimulation-object following trials, sometimes in large amounts, indicating successful envenomation.
The studied Bothrops species very rarely launched strikes from head-hiding postures (Table 3) , which seems to be an important difference between the striking behavior of lanceheads and that of C. viridis Table 2 . The different types of defensive strike in five species of Bothrops shown as percentages of total number of strikes (number of strikes in parenthesis). *, *** = difference significant; *(P < 0.05), ***(P < 0.00).
Species
Strike Table 3 . Body postures or concomitant behaviors at the moment strikes were launched in five species of Bothrops shown as percentages of total number of strikes (number of strikes in parenthesis). *** = difference significant (P < 0.00). Defensive strike in Bothrops spp. (Duvall et al., 985) and C. atrox (M. Martins, pers. obs.) . In fact, Sazima (992) had already noticed the rarity of this behavior in B. jararaca and pointed to this as an important difference between B. jararaca and C. viridis. The strikes of the five species of Bothrops were on average shorter than 0.20 of the snake's SVL (Table 4) and never longer than one third of it. This is another difference between the studied lanceheads and C. atrox, as the defensive strikes of the latter reached 37% of the snake's total length on average and a maximum of 46% (LaDuc, 2002) . The five Bothrops species presented much slower strikes (Table 4) than those of C. viridis and C. atrox; the defensive strike of C. viridis had an average speed of 243 cm/s (Van Riper, 955) , and that of C. atrox an average of 227 cm/s (LaDuc, 2002) . The duration of the strikes as defined herein can be compared to that of the extend stage of the defensive strikes of C. atrox as defined by LaDuc (2002) ; in the five species of Bothrops, the duration was longer (Table 4 ) than in C. atrox (42-70 msec; mean = 50 msec; LaDuc, 2002) , which is surprising in view of the shorter strike-distances in Bothrops spp., and probably due to the lower speed in the five Bothrops species compared to that in C. atrox. LaDuc (2002) observed that the defensive strikes were longer and faster than the predatory strikes of C. atrox, but Young et al. (200; cited in LaDuc, 2002) reports exactly the opposite, which renders this question controversial. The study of the characteristics of the predatory strikes of the five species of Bothrops studied would be of great interest, and could help to clarify this question.
The recorded strikes were very similar in general aspect to those described by Sazima (988, 992) for B. jararaca in the field. The exception was B. pauloensis, whose strikes were frequently launched laterally (Table 2 ). This is a remarkable difference between B. pauloensis and the other species studied here. Only B. moojeni and B. jararaca did also present this type of strike, but much less frequently than B. pauloensis. It is possible that this strike behavior is also present in other species of the neuwiedi group, which needs further investigation. Most defensive strikes in the five species of Bothrops were successful, and flawed strikes were a relatively rare event (Table 2) . Shine et al. (2002) report a much lower accuracy in the defensive strike of another viperid, Gloydius shedaoensis (46.7% of flawed strikes). Hence, there seems to be great variation in the accuracy of strikes between different lineages of vipers.
In spite of the difference between the defensive strike behavior of B. pauloensis and the other studied species, the studied variables were impressively conservative among the five species studied, especially strike distance and height (as related to SVL). Strike speed did not differ significantly among the five species of lanceheads studied, so the suggestion that the strikes of B. jararaca seem to be slower than those of B. moojeni (Sazima, 992) was not supported by this study (Table 4 ). The only exception among variables seems to be strike angle, which was significantly different among species (Table 4) . The extremely low angles in B. moojeni, in comparison with the other studied species, were certainly due to the fact that the former launched strikes preferentially from elevated body postures. If snakes somehow define the angle of strike as a way of hitting a certain height on the target, individuals of B. moojeni can hit the same height even with low strike-angles, because in a head-elevated posture the head is already high when strikes are delivered. In this sense, the angles recorded for B. moojeni may introduce some noise in the comparisons among species. If B. moojeni is removed from the comparisons, however, there is no difference in the strike angles of the remaining four species (H = 5.666; P = 0.3; N = 3).
According to Kardong and Smith (2002) , the predatory success of rattlesnakes depends on an accurate strike that produces no significant errors in fang placement, penetration, and venom injection. In the case of defensive strikes, evolution must have also placed a premium on accuracy, which may have imposed constraints on some of their kinematic features, making strikes resistant to variation. This might be one explanation for the high similarity between the strikes of the five studied species, and further studies on a higher number of species of the different lineages of Bothrops could confirm this pattern. It is possible that strike variables are also very conservative among species of the genus Crotalus, which could also be investigated by a comparative study of the strikes of rattlesnakes.
